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ABSTRACT
ALMA observations revealed recently polarised radiation of several protoplanetary
disks in the (sub-)millimetre wavelength range. Besides self-scattering of large par-
ticles, thermal emission by elongated grains is a potential source for the detected
polarisation signal. We calculate the wavelength dependent absorption and intrinsic
polarisation of spheroidally shaped, micrometre and sub-millimetre sized dust grains
using the discrete dipole approximation. In particular, we analyse the impact of dust
grain porosity which appears to be present in disks when small grains coagulate to form
larger aggregates. For the first time our results show that (a) the intrinsic polarisation
decreases for increasing grain porosity and (b) the polarisation orientation flips by 90
degree for certain ratios of wavelength to grain size. We present a new method to con-
strain grain porosity and the grain size in protoplanetary disks using multi-wavelength
polarisation observations in the far-infrared to millimetre wavelengths. Finally, we find
that moderate grain porosities (P . 0.7) potentially explain the observed polarisation
fraction in the system HD 142527 while highly porous grains (P > 0.7) fail unless the
grain’s axis ratio is extraordinarily large.
Key words: (stars:) circumstellar matter – polarisation – dust, extinction – inter-
planetary medium – infrared: planetary systems – stars: pre-main-sequence
1 INTRODUCTION
Dust grains in protoplanetary disks are responsible for the
absorption and scattering of both stellar and thermal radia-
tion (in the optically thick regime). Besides the geometrical
characteristics of these disks, dust grain properties such as
their size, composition and structure are the decisive ele-
ments for the optical appearance of the disks. Therefore,
the disk’s emitted and scattered light also carries informa-
tion about the disk’s building blocks – in total but also in
polarised radiation.
Tamura et al. (1999) first detected polarised emission
from T Tauri disks using SCUBA/JCMT. This polarisation
has been interpreted as thermal emission by magnetically
aligned dust grains. Following detections of polarised sig-
nals from protoplanetary disks using SMA, CARMA, and
VLA (Rao et al. 2014; Stephens et al. 2014; Segura-Cox et al.
2015), polarisation observations at ∼ millimetre wavelengths
have made a further leap forward since high-resolved imag-
ing of ALMA came available (Kataoka et al. 2016, 2017; Cox
et al. 2018; Girart et al. 2018; Harris et al. 2018; Hull et al.
2018; Lee et al. 2018; Ohashi et al. 2018; Sadavoy et al. 2018;
Dent et al. 2019; Harrison et al. 2019; Takahashi et al. 2019).
The measured polarisation signal is strongly influenced by
? E-mail: f.kirchschlager@ucl.ac.uk
the resolution of the observation, projection along the line of
sight, dust properties, and (if applicable) alignment mecha-
nisms of aspherical grains, and the interpretation of the po-
larised observations requires sophisticated models (Cho &
Lazarian 2007; Bertrang et al. 2017; Bertrang & Wolf 2017).
Accordingly, the origin of the detected polarisation
signals is still highly debated. Besides dust scattering of
anisotropic, thermal radiation of grains of size ∼ λ/(2 pi)
(Kataoka et al. 2015), dichroic extinction and emission of
aligned grains is supposed to be accountable for the po-
larised radiation (Cho & Lazarian 2007; Bertrang & Wolf
2017). When light passes an elongated grain, the compo-
nent of the electric vector parallel and perpendicular to the
short axis of the grain is differently absorbed which causes
a net polarisation, namely intrinsic (emission) polarisation.
Considering the huge number of dust grains in a disk, their
individual polarisation states would completely cancel out
for disordered grains. However, grains can get aligned by
several factors: the magnetic field (Lazarian & Hoang 2007),
the radiation field (Lazarian & Hoang 2007; Tazaki et al.
2017), or mechanically (aerodynamically; Gold 1952).
So far, all studies considering polarisation of elongated
particles assumed solid dust grains (Draine & Weingartner
1996, 1997; Cho & Lazarian 2007; Lazarian & Hoang 2007).
It is well known that dust grains grow by coagulation in
protoplanetary disks, and as a result they might be porous.
© 2019 The Authors
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The occurrence of grain porosity is not only predicted by
theoretical dust growth studies (e.g. Dominik & Tielens
1997; Ormel et al. 2007) but also by laboratory experiments
(e.g. Blum & Wurm 2008; Kothe et al. 2013) as well as ob-
servations of circumstellar disks (e.g. Pinte et al. 2008; Milli
et al. 2019). Moreover, the Rosetta orbiter detected fluffy
grains in situ of the comet 67P/Churyumov-Gerasimenko
(Fulle et al. 2015; Langevin et al. 2016; Mannel et al. 2016).
Due to dust settling of more compact grains, porous grains
are expected to occur cumulatively close to the disk surface,
enhancing their contribution to the disk’s optical appear-
ance. Further, porosity has a huge impact on the grain’s
optical properties (e.g. Kirchschlager & Wolf 2013, 2014;
Tazaki & Tanaka 2018; Ysard et al. 2018). Therefore, the
study of elongated porous grains is promising to contribute
to the comprehensive understanding of polarisation by ther-
mal emission.
In this work, we calculate the optical properties of
spheroidally porous dust grains. In Section 2 we present
the model for our dust grains and outline the calculation
method. In Section 3 we discuss the wavelength dependent
absorption and intrinsic polarisation of spheroidally porous
grains, for single particles as well as for a grain size distribu-
tion. We discuss observed polarisation fractions and intro-
duce a procedure to derive the grain porosity from intrinsic
polarisation observations in Section 4 and give a summary
in Section 5.
2 DUST MODEL AND METHODS
2.1 Elongated porous dust grains
In our study the elongated porous dust grains have a
spheroidally basic shape from which material is removed so
that voids are formed. This model is comparable to that from
Kirchschlager & Wolf (2013, 2014) where a spherically basic
form is used. Here, we consider 6 spheroidally basic shapes
with short semi-axis b and long semi-axis c: 3 prolate and
3 oblate shapes with c/b ∈ {1.1, 1.3, 1.5}, respectively. A pro-
late particle shape will be referred to as ‘1 − c/b − 1’ and
an oblate shape as ‘c/b − 1 − c/b’. The rotational axis of all
spheroids is parallel to the y-axis in a Cartesian coordinate
system (x − y − z; Fig. 1).
Porosity is the ratio of the vacuum volume to the total
volume of the spheroidally grain,
P = Vvacuum/Vtotal = 1 − Vsolid/Vtotal. (1)
Here, Vtotal is the volume of the encasing spheroid,
Vtotal = 4/3pib2c for prolate and Vtotal = 4/3pibc2 for oblate
grains. The effective radius is the radius of a volume-
equivalent solid sphere, aeff =
(
b2c(1 − P)
)1/3
for prolate
and aeff =
(
bc2(1 − P)
)1/3
for oblate grains. We note that
two grains composed of the same dust material and with
the same effective radius aeff have the same mass.
Our model enables the description of elongated porous
dust grains by a low number of parameters (aeff, c/b,P) while
the definition of the porosity is still accurate. Contrary, the
porosity definition in many other studies suffers by the fact
that the total volume is that of a sphere encasing the dust
Figure 1. Morphology of elongated dust grains (1-1.5-1). Top: A
compact grain composed of 96912 cubic subvolumes (left; P = 0.0)
and a porous grain of 19382 cubic subvolumes (right; P = 0.8).
Bottom: Single-layer of cubic dipoles through the centre of the
compact and porous elongated grain, respectively. The colour
scale is only for illustration purposes.
particle, even for highly aspherical grains such as BCCA ag-
gregates (e.g. Kataoka et al. 2014; Tazaki & Tanaka 2018).
When the encompassing body is a sphere, the porosity is
artificially high; for example a solid but prolate dust grain
with c/b = 10 (compact needle) would have a porosity of
∼ 99%. In contrast, our definition of porosity gives the cor-
rect value of P = 0 and an overestimation of the porosity is
excluded.
2.2 Calculation method
To calculate the optical properties of irregular shaped par-
ticles we use the code DDSCAT1 (version 7.3; Draine &
Flatau 1994, 2010) which is based on the theory of discrete
dipole approximation (DDA; Purcell & Pennypacker 1973).
The three-dimensional particle shape is replaced by a cor-
responding spatial distribution of N discrete dipoles on a
cubic grid and the optical properties are then calculated for
this dipole distribution. The DDSCAT is well tested and
is applicable for most particle shapes and structures. How-
ever, the applicability is constrained by an upper limit of
the ratio of grain size aeff to wavelength λ (see e.g. Draine
& Goodman 1993; Draine & Flatau 1994; Draine 2000). For
porous dust grains, this condition is given by (Kirchschlager
1 https://www.astro.princeton.edu/ draine/DDSCAT.7.3.html
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Figure 2. Sketch of the irradiation of an elongated particle.
& Wolf 2013)
aeff
λ
. 0.1 N
1/3
|n(λ)| , (2)
where n(λ) is the wavelength dependent complex refractive
index. The lowest number of dipoles used in this study is
N = 19382, and with |n(λ)| ∼ 3 (for astronomical silicate
at λ = 100 µm)2 follows: λ & aeff. As the ratio of the ef-
fective radius aeff to wavelength λ increases, so does the
necessary computation time. For the 1 and 10 microme-
tre grains the optical properties can be calculated in less
than 2.5 core hours using a 2.70GHz central processing unit
(CPU), whereas the calculations for a 100 micrometre grain
took approximately 7.5 days.
2.3 Porous structure
The method to generate the porous dust grains is described
in detail in Kirchschlager & Wolf (2013) and briefly sum-
marised here: N ′ dipoles are arranged on a cubic lattice
with lattice constant dl, forming the shape of a compact
spheroid with semi-axis b and c and a total volume of
N ′ (dl/2)3 = 4/3pia3eff (1 − P)−1. In order to create a porous
grain of porosity P, PN ′ dipoles are randomly removed.
Then the remaining dipole arrangement of N = (1 − P) N ′
dipoles forms the elongated porous dust grain (Fig. 1). Each
dipole represents a cubic subvolume d3
l
of the dust material,
while a removed dipole represents a cubic void of the same
size. The large number of dipoles (∼ 105 − 106) ensures a
statistical distribution of the voids within the grains and a
good approximation of the spheroidally basic shape.
Using this method, the dipole configurations of six par-
ticle shapes and nine porosities (P = 0.0 − 0.8; in steps
of 0.1) are generated. We calculate the optical properties
for each of the 54 (= 6 × 9) dipole configurations for the
grain sizes aeff = 1, 10 and 100 µm in the wavelength range
λ ∈ [100 µm, 2000 µm] for the case that the radiation is prop-
agating parallel to the x-direction (Fig. 2). We consider
grains of three different dust materials: astronomical silicate
(Draine 2003a,b), carbon (Ja¨ger et al. 1998), and ice (War-
ren 1984; Reinert et al. 2015). We have seen in Section 2.2
2 For carbon and ice is |n(λ) | ∼ 1.8 at λ = 100µm, and it follows
λ & 0.7aeff.
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Figure 3. Absorption efficiency as a function of wavelength λ.
The dust grain is prolate (1-1.5-1), composed of astronomical sil-
icate and has an effective dust radius of aeff = 1µm, 10µm and
100µm, respectively. Top: Averaged absorption Qabs as a func-
tion of porosity P. Bottom: Absorption of the long and short axis
for compact spheroids (P = 0.0).
that the chosen number of dipoles and dust materials is suf-
ficient to calculate the optical properties for dust grains up
to aeff = 100 µm for the shortest wavelengths λ = 100 µm.
3 RESULTS
3.1 Polarised emission of single dust grains
When the rotational axis of the elongated grain is paral-
lel to the y-direction and the photons travel parallel to
x-direction, photons “see” an ellipsoidally geometric cross
section of the grain defined by the short and long semi-
axis, b and c, respectively. The electric field parallel to the
short axis sees a smaller cross section than that perpen-
dicular to the short axis. Consequently, the efficiency fac-
tors of absorption Qabs, ‖ and Qabs,⊥ can be differentiated.
In Fig. 3, Qabs, ‖ and Qabs,⊥ are shown for compact sili-
cate spheroids of shape 1-1.5-1 as well as the averaged ab-
sorption Qabs = 0.5
(
Qabs, ‖ +Qabs,⊥
)
for different porosities.
One can see that the absorption perpendicular to the short
axis is larger than that parallel to the short axis for wave-
lengths λ > 2piaeff. Furthermore, the absorption efficiency
increases with increasing porosity for wavelengths λ . 2aeff
or λ & 10aeff, while the order is reversed at intermediate
MNRAS 000, 1–10 (2019)
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wavelengths. We note that we compare grains of different
porosity but with the same effective radius aeff. Therefore,
the grains have the same mass but a different spatial ex-
tension (Vtotal). However, we show in Appendix A that the
dependence of Qabs on the porosity is still present if grains
with same spatial extension but different mass are compared.
Since the absorption is different for the long and the
short axis, the radiation gets polarised. Moreover, the ef-
ficiency factor of emission is equal to that of absorption
(Qemi = Qabs), and radiation emitted by elongated dust
grains is polarised in the same way. The degree of intrinsic
polarisation by emission from elongated dust grains is then
(Cho & Lazarian 2007)
Pemi =
Qabs,⊥ −Qabs, ‖
Qabs,⊥ +Qabs, ‖
. (3)
The degree of intrinsic polarisation of prolate silicate
grains (1-1.5-1) is shown in Fig. 4 (top row) as a function of
wavelength λ, porosity P, and effective grain size aeff. For
the small and medium sized grains (aeff = 1 µm and 10 µm),
we can see the following:
Porosity The degree of intrinsic polarisation Pemi is de-
creasing with increasing porosity P for all particle shapes.
This is surprising, as one would expect intuitively an increase
of polarisation with increasing porosity. Moreover, the polar-
isation by scattering of porous grains increases with porosity
in the optical wavelength range (Kirchschlager & Wolf 2014).
Wavelength In the far-infrared to millimetre wavelength
range, the intrinsic polarisation Pemi is nearly independent
of the wavelength λ. Only for aeff = 10 µm and at wave-
lengths λ ∼ 100 µm, a weak wavelength-dependence is visible
for the polarisation.
Axis ratio The intrinsic polarisation Pemi increases with
increasing aspherity of the particles (Fig. 5), as the ratio of
long to short semi-axis c/b determines the absorption cross
sections Qabs,⊥ and Qabs, ‖ . The longer prolate grains or the
flatter oblate grains, the larger the polarisation.
Prolate/oblate The intrinsic polarisation Pemi is slightly
higher for oblate compared to prolate grains of the same axis
ratio c/b, however, the difference is for most wavelengths
and grain sizes below 2% (Fig. 5). Therefore, the ratio of
long to short semi-axis c/b and the porosity P are the only
parameters of the particle morphology that have significant
influence on the intrinsic polarisation Pemi.
For the aeff = 100 µm grains (right columns in Figs. 4
and 5), the polarisation degree shows a strong dependence
on the wavelength. Oscillations occur as a result of enhanced
interferences due to multiple reflection of the electromag-
netic wave within the grain at λ ∼ 2 piaeff (van de Hulst
1981). The oscillations enable even “negative polarisation”
which causes a flip of the polarisation direction, similar to
the polarisation reversal by scattering in the optical regime
(e.g. Kirchschlager & Wolf 2014). While the polarisation vec-
tor is parallel to the long grain axis (for both prolate and
oblate grains) for λ & 2piaeff, the polarisation direction is
perpendicular to the long axis for smaller wavelengths. The
amplitudes of the oscillations are slightly stronger for oblate
grains compared to prolate grains but occur at similar wave-
lengths. Furthermore, the amplitudes of the oscillations de-
crease with increasing porosity as the voids hamper multi-
ple reflection. For λ . 2 aeff or λ & 10 aeff, the wavelength
dependence vanishes completely. Although the oscillations
complicate the trends observed for the small and medium
sized grains, the curves for the aeff = 100 µm grains are also
ordered in a way that the amount of intrinsic polarisation
is decreasing with increasing porosity and increasing with
the ratio of long to short axis c/b, at least for wavelengths
λ & 3 aeff.
Regarding the grain size, three cases can be differenti-
ated: for λ & 10 aeff (Rayleigh regime), the effective radius
aeff has no impact on the degree of polarisation and Pemi is
constant. For 2 aeff . λ . 10 aeff, interferences cause large
oscillations in both absorption efficiency and intrinsic polar-
isation. For λ . 2 aeff (geometric optics regime), photons do
not recognise the elongated shape. The absorption parallel
to the short axis approaches that of the long axis and the
emission becomes unpolarised.
Fig. 4 shows also the degree of intrinsic polarisation
Pemi for grains composed of carbon (Ja¨ger et al. 1998) and
ice (Warren 1984; Reinert et al. 2015), respectively. The
polarisations of these two materials are remarkably simi-
lar to each other. Compared to astronomical silicate, Pemi
is ∼ 15% lower for carbon and ice, the oscillations occur at
shorter wavelengths (λ < 4aeff) and at the same wavelengths
for different porosities. Despite that, all trends observed for
the intrinsic polarisation of astronomical silicate are also vis-
ible for carbon and ice.
To verify our results obtained with DDSCAT (based
on DDA), we further performed simulations based on the
T-Matrix method (TMM). We used the codeMSTM (Mack-
owski & Mishchenko 1996) to calculate the absorption and
hence the intrinsic polarisation for a configuration of multi-
ple spheres arranged to approximate an elongated (porous)
dust grain. The intrinsic polarisation obtained with TMM
(Fig. B1) shows the same trends as that obtained withDDA.
For details we refer to Appendix B.
3.2 Polarised emission in a protoplanetary disk
Dust grains in protoplanetary disks occur in different sizes,
and the resulting polarisation by emission will be composed
of the contribution of each grain size. For an optically thin
disk in which all dust grains are perfectly aligned, the degree
of intrinsic polarisation is estimated by (c.f. Cho & Lazarian
2007)
Pemi,disk(λ) =
∫ amax
amin
[
Qabs,⊥ −Qabs, ‖
]
a2
eff
n(aeff)daeff∫ amax
amin
[
Qabs,⊥ +Qabs, ‖
]
a2
eff
n(aeff)daeff
, (4)
where dn(aeff) ∼ a−γeff daeff is the number of grains in the in-
terval [aeff, aeff+daeff], γ = 3.5 is the grain size exponent, and
amin and amax are the minimum and maximum radii of the
grain size distribution, respectively. We set amin = 5 nm and
amax = 100 µm and make use of the fact that the degree of in-
trinsic polarisation is constant for aeff ≤ 0.1λ. For aeff > 0.1λ
we interpolate the results obtained for amax = 10 µm and
100 µm. Considering 1000 grain sizes logarithmically equidis-
tantly distributed in the range between amin and amax, we
calculate Pemi,disk(λ) via equation (4).
The resulting polarisation of the disk is presented in
Fig. 6 for grains of shape 1-1.5-1 made of astronomical sili-
cate. For simplicity, we only present the result for this par-
ticle, but note that the figures are qualitatively similar for
MNRAS 000, 1–10 (2019)
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Figure 4. Intrinsic polarisation Pemi as a function of wavelength λ, porosity P, and effective grain radii aeff = 1µm, 10µm and 100µm for
prolate (1-1.5-1) dust grains. The dust material is astronomical silicate (top row), carbon (middle), and ice (bottom). The grey coloured
regions emphasize negative polarisations which cause a 90 degree-flip of the polarisation direction.
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Figure 6. Degree of polarisation by emission for an optically thin
disk composed of 1-1.5-1 grains made of astronomical silicate,
following a size distribution dn(aeff) ∼ a−3.5eff daeff.
the other grain shapes and dust materials.3 While for single
grains oscillations occur at wavelengths λ ∈ [∼ 2 aeff, 10 aeff],
these oscillations cancel out by the presence of different sizes.
Following the trends of the single grains, the intrinsic
polarisation of the disk is decreasing with increasing poros-
ity. We see that Pemi is linearly increasing with log (λ) be-
fore the curve reaches a“knee”at a characteristic wavelength
λc, and the polarisation is getting constant for wavelengths
λ > λc. The reason for this break is the presence of grains
which show oscillations for λ < λc, resulting in cancellation
or reduction of the intrinsic polarisation, while all single
grains show constant polarisation for λ > λc. As a conse-
quence, when the maximum grain size amax is varied we
find a linear shift of the knee and the relation λc = 8 amax
for compact silicate spheroids4 (P = 0.0; Fig. 7). For larger
porosities, the knee is less pronounced and shifted to shorter
wavelengths (Fig. 8).
We also varied the minimum grain size amin for a fixed
maximum grain size amax. While the values for the char-
acteristic wavelength λc are unaffected, the slope at small
wavelengths is steeper for larger amin and shows oscilla-
tions, a consequence of the missing smoothing effect of the
removed small particles. On the other hand, a reduction of
the minimum grain size to lower values results in a flatter
and smoother slope. Similar to that, we varied the grain size
exponent γ between 3 and 4 and find that values close to 3
(reduced number of small grains) cause larger oscillations,
while γ ∼ 4 gives a flatter and smoother slope too. In both
cases, varying amin and γ does not change the characteris-
tic wavelength λc, which is only a function of the maximum
grain size and porosity. Moreover, the characteristic wave-
length is unaffected by the axis ratio c/b while it shifted to
3 The intrinsic polarisation data for grain size distributions of
other grain shapes and dust materials are online available as sup-
plementary material.
4 For the standard MRN distribution (Mathis et al. 1977) with
amax = 0.25µm, we expect a constant intrinsic polarisation for all
wavelengths in the interval λ ∈ [100µm, 2000µm].
 0
 10
 20
 30
 40
 50
 100  1000
1−1.5−1
Silicate
 P = 0.0
P
e
m
i , d
i s k
 
[ %
]
λ [µm]
Particle F (1:1:1.5)
amax = 100 µm
amax =   50 µm
amax = 200 µm
  
amin =      1 nm
amin = 500 nm
Figure 7. Influence of maximum (blue) or minimum (red) grain
size on the degree of intrinsic polarisation for silicate grains:
the thick, black line represents the reference case (amin = 5 nm;
amax = 100µm), dotted lines are the polarisation for a reduced
minimum/maximum grain size, and the thin, solid lines are for
an increased minimum/maximum grain size.
1−1.5−1
Silicate
a
m
a
x 
[ µ m
]
λc [µm]
Particle F (1:1:1.5)
P = 0.0
P = 0.1
P = 0.2
P = 0.3
P = 0.4
P = 0.5
P = 0.6
 50
 100
 150
 200
 250
 200  400  600  800  1000  1200  1400
B5B6B7B8B9B10
Figure 8. Relation between the maximum grain radius amax of
the grain size distribution and the characteristic wavelength λc at
which the break from linearly increasing to constant polarisation
Pemi,disk occurs (knee). The coloured shaded regions represent
the ALMA wavebands B5 to B10.
by a factor of 2 shorter wavelengths for carbon or ice com-
position.
We note that the presented polarisation values are de-
rived under the assumption of perfectly aligned dust grains.
However, grains in protoplanetary disks will be only partially
aligned, and some parts of the disk will be optically thick,
both reducing the amount of intrinsic polarisation (e.g. Cho
& Lazarian 2007; Bertrang et al. 2017; Bertrang & Wolf
2017).
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4 IMPLICATIONS FOR POLARISATION
OBSERVATIONS
We have seen in Section 3 that the characteristic wavelength
λc only depends on the maximum grain size and the porosity
but not on further grain size properties such as the axis ratio
c/b, the minimum grain size or the grain size exponent. As
the maximum grain size can be derived from other observa-
tion techniques, e.g. from the (sub-)mm slope of the spectral
energy distribution of the total intensity (Beckwith et al.
1990) or from the wavelength at which the scattering polar-
isation peaks due to self-scattering5 (Kataoka et al. 2015),
determining the characteristic wavelength offers a tool to
derive the grain porosity in a protoplanetary disk. Then,
surveying the wavelength dependence on the integrated in-
trinsic polarisation in the far-infrared and millimetre wave-
length range provides insight in the internal structure of the
disk’s building blocks. On the other hand, knowing the grain
porosity from other techniques, e.g. from the observation of
the flipping of the polarisation direction by scattering at op-
tical wavelengths (Daniel 1980; Kirchschlager & Wolf 2014),
or from the dust opacity index at (sub-)millimetre wave-
lengths (Kataoka et al. 2014), the intrinsic polarisation can
be used to derive or verify the maximum grain size in the
disk.
Ohashi et al. (2018) detected polarisation fractions at
wavelengths λ = 0.87mm as high as ∼ 15% in regions of
the protoplanetary disk HD 142527. They interpreted this
polarisation signal most likely due to grain alignment with
magnetic fields and thus as intrinsic polarisation. Since we
find that intrinsic polarisation is decreasing with increasing
porosity, the detection of Ohashi et al. (2018) sets an upper
limit for the grain porosity in HD 142527. For a size distri-
bution of silicate grains with maximum radii amax = 100 µm
and axis ratio c/b = 1.5 (Fig. 6), the intrinsic polarisations
can take values up to 15% only for grains with porosities
lower than P = 0.7. The maximum porosity is even lower for
carbon or ice grains, for grains with lower axis ratio c/b, or
larger maximum grain sizes. For silicate grains with c/b = 1.3
and amax = 100 µm, only grain porosities up to P ≤ 0.5 are
able to explain such high polarisation fractions, while the
intrinsic polarisation from c/b = 1.1 spheroids is even too
low for compact spheroids. Furthermore, if we assume that
the grains are not perfectly aligned, the integrated polari-
sation signal is weaker pronounced, further decreasing the
maximum porosity. The only possibility for the presence of
larger grain porosities to be consistent with high polarisation
fractions is to significantly increase the grain’s axis ratio c/b.
Observations of several other disks show polarisation
5 We would like to emphasize that the current model for self-
scattering is based on perfectly spherical dust grains (Kataoka
et al. 2015). This simplification of grain geometry, while being
accurate for the description of scattering of the stellar light, is
not applicable for description of scattering of the thermal dust
emission. While the stellar light is intrinsically (almost perfectly)
unpolarised, the thermal dust emission is intrinsically polarised.
The intrinsic polarisation state of the emission depends on the
grain geometry and, thus, changes the polarisation state after the
scattering event (see Kirchschlager & Bertrang, in prep.). There-
fore, it is advisable to take predictions of dust grain sizes based
on current self-scattering models with caution.
fractions in the order of ∼ 1% and the most common ex-
planations are self-scattering or intrinsic polarisation com-
bined with depolarisation effects in optically thick regimes
(e.g. Kataoka et al. 2017; Girart et al. 2018; Sadavoy et al.
2018; Dent et al. 2019). Consequently, the observed polar-
isation is not pure intrinsic polarisation in these disks, the
determination of the characteristic wavelength λc is not suit-
able to constrain grain porosity, and we are not able to com-
pletely rule out highly porous dust grains for these disks.
Finally, we note that the change of the polarisation sign
at certain wavelengths (Figs. 6 and 7) comes along with a
drop of the polarisation, passes a null level and then rebuilds
the polarised intensity, where the new orientation is flipped
by 90 degree. This might explain the observed and still un-
explained multi-wavelength pattern in HL Tau, especially in
waveband 3 (Stephens et al. 2017). Future observations of
the linearly polarised gas emission will test this explanation.
5 CONCLUSIONS
We have calculated the intrinsic polarisation Pemi for elon-
gated porous dust grains in the far-infrared to millimetre
wavelength range. Our results depend on the grain’s effec-
tive radius aeff as the following:
(i) The amount of intrinsic polarisation Pemi is decreasing
with increasing porosity P for all particle shapes, an unex-
pected result as one would expect an increase of polarisation
with increasing porosity. This result includes 100 µm grains,
though they are impaired by the present oscillations in the
corresponding wavelength range (2 aeff . λ . 10 aeff).
(ii) The intrinsic polarisation Pemi of silicate grains is
nearly independent of the wavelength λ for λ & 10 aeff. For
2 aeff . λ . 10 aeff, oscillations occur for the absorption effi-
ciency and the intrinsic polarisation. These oscillations are a
result of enhanced interferences due to multiple reflection of
the electromagnetic wave within the grain and enable even
“negative polarisation” which implies a reversal of the polar-
isation direction. For λ . 2 aeff (geometric optics regime),
the emission becomes unpolarised.
(iii) The intrinsic polarisation Pemi increases with in-
creasing aspherity of the particles, defined by the ratio of
long to short semi-axis c/b. The longer prolate grains or the
flatter oblate grains, the larger the polarisation.
(iv) Whether the grains are prolate or oblate has only a
minor impact on the intrinsic polarisation Pemi. The ampli-
tudes of the oscillations are slightly stronger for oblate grains
compared to prolate grains but occur at similar wavelengths.
Therefore, the ratio of long to short semi-axis c/b and the
porosity P are the only parameters of the particle morphol-
ogy that have significant influence on the polarisation Pemi.
(v) Besides grains made of astronomical silicate, the
trends exist for carbon as well as icy grains though the wave-
length dependence is slightly different.
We summarise for a grain size distribution in a proto-
planetary disk:
(i) Similar to the single grains, the intrinsic polarisation
of the disk is decreasing with increasing porosity. Pemi,disk
is linearly increasing with log (λ) for λ < λc and constant for
larger wavelengths.
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(ii) The characteristic wavelength λc is proportional to
the maximum radius of the grain size distribution. For larger
porosities, the characteristic wavelength λc is shifted to
shorter wavelengths.
(iii) The minimum grain size amin and the grain size ex-
ponent γ have an impact on the steepness and the smooth-
ness of the slope of the intrinsic polarisation for wavelengths
λ < λc, but not on the characteristic wavelength λc.
(iv) Surveying the wavelength dependence of the inte-
grated intrinsic polarisation in the far-infrared and millime-
tre wavelength range provides a tool to derive the grain
porosity or maximum grain size in a protoplanetary disk.
(v) Observed polarisation fractions in optically thin re-
gions of protoplanetary disks (e.g. for HD 142527) set upper
limits for the present grain porosities of up to ∼ 70%, reject-
ing highly porous (fluffy) grains unless the grain’s axis ratio
is significantly larger than 1.5. Intrinsic polarisation data of
several grain shapes and dust materials are online available
as supplementary material and allow the interpretation of
future polarisation observations.
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APPENDIX A: ABSORPTION EFFICIENCY OF
POROUS DUST GRAINS OF CONSTANT
SPATIAL EXTENSION
In Section 3 we compare grains with fixed effective radius aeff
but different spatial extension. Here, we want to emphasize
that the presented effects are not caused by comparing grains
of different spatial extension. Therefore, we fix the radius of
the encompassing spheroid to aeff/(1 − P)1/3 = 1 µm, 10 µm,
and 100 µm, respectively, and determine the intrinsic polari-
sation Pemi for prolate grains (1-1.5-1; astronomical silicate;
Fig. A1). We can see a similar behaviour of Pemi compared
to the case of a fixed effective radius aeff (Fig. 4; top row)
though the oscillations are shifted by a factor of (1 − P)1/3
to shorter wavelengths.
APPENDIX B: COMPARISON BETWEEN
T-MATRIX METHOD (TMM) AND DISCRETE
DIPOLE APPROXIMATION (DDA)
In order to verify our results we consider a second calcu-
lation method that is unattached from calculations based
on the DDA. We use the code MSTM6 (Multiple Sphere
T-Matrix; version 3.0) which applies the T-Matrix method
(TMM) for an agglomeration of spherical monomers (Mack-
owski & Mishchenko 1996). Solving for the exact Mie so-
lution of the single spheres, the optical properties of the
6 http://www.eng.auburn.edu/∼dmckwski/scatcodes/
agglomerate are determined on the superposition principle
(Mishchenko et al. 1996).
The three-dimensional particle shape of the elongated
porous particle is replaced by a corresponding spatial distri-
bution of Ns spherical monomers. Because of the spherical
geometry of the these monomers, stacking of them results in
empty voids between the spheres which causes an inherent
porosity of the agglomerate. For the sake of simplicity, we
place Ns equally sized spheres on a cubic grid (sc-lattice),7
forming an inherent porosity of P ≈ 0.4764. Lower porosities
are not considered.
We set Ns = 2204 to form a prolate grain with shape
1-1.5-1 and porosity P ≈ 0.4764 (Fig. B2). For larger
numbers Ns, TMM computations become time-consuming.
We then randomly remove 99 (520; 941; 1362) spherical
monomers to generate a spheroidal grain with porosity
P = 0.5 (0.6; 0.7; 0.8). These four particles are used to
calculate the intrinsic polarisation Pemi using TMM and
to compare it with the corresponding results obtained with
DDA (Fig. B1). We note that the amounts of Pemi derived
from TMM calculations are slightly smaller than that de-
rived from DDA calculations for all grain sizes. However,
considering the fact that the calculations have been con-
ducted with totally different approximation methods, the
presented results show a good agreement. Moreover, the sim-
ulations based on TMM confirm that the intrinsic polarisa-
tion of elongated dust grains is decreasing with increasing
grain porosity.
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